Experimental
Acetaminophen (ACOP) or paracetamol belongs to the group of analgesics and antipyretics drugs and is one of the most effective and safest of them, as it can be used by children as young as three months old. It is an alternative for people who are sensitive to aspirin. 1 ACOP is the main ingredient of cold and flu drugs and it is used as a supplement to other prescription analgesics. Acetaminophen is widely used in the treatment of mild to moderate pain, including backache, migraine headache, tension headache, general pain, muscular aches and toothache. 1, 2 There have been many different methods reported for the determination of paracetamol, such as spectrofluorometric method, 3 capillary electrophoresis, 4 fluorescence polarization, 5 liquid chromatography, 6 ion-chromatography 7 and differential pulse voltammetry. 8 Nevertheless, new methods for the determination of ACOP are constantly analyzed, with the aim of developing a simpler, faster, more sensitive and more accurate way of determining ACOP.
Conducting polymers have many fascinating properties for various applications, especially for use as a coating in the fabrication of electrochemical sensors. PEDOT is one of the most promising conducting polymers due to its characteristics, namely: reversible doping state, 9 excellent stability, 10,11 low band-gap (high conductivity), 12, 13 and electrochemical properties. 14, 15 For these reasons, PEDOT is an ideal candidate for sensor applications. 16, 17 Due to its low solubility in water, PEDOT films are usually synthesized in organic media or in aqueous solutions with surfactants. However, it has also been proven that the polymerization of PEDOT in aqueous media is possible without any surfactant. 18 Carbon-nanotubes (CNTs) belong to a very important group of nanomaterials with useful mechanical, electronic and chemical properties. There are three types of CNTs, including single-walled CNTs (SWCNTs), double-walled CNTs (DWCNTs), and multi-walled CNTs (MWCNT). All layers of MWCNT are held together by weak van der Waals interactions. 19 MWCNT are considered to be excellent electrode materials for preparing electrochemical sensors or biosensors because of their unique advantages, which include enhanced electronic properties, large surface areas and fast electrode kinetics. 20 Sensors based on carbon nanotubes exhibit faster electron transfer kinetics, lower limits of detection and higher sensitivities than pure carbon electrodes. 21, 22 The GC electrode modified with a composite layer of PEDOT:PSSLi was described in a previous publication. 23 The aim of this work was to investigate the electrochemical oxidation of ACOP for the GC electrodes modified by composite layers of PEDOT:PSSLi and PEDOT:PSSLi:MWCNT. The GC electrode modified with a PEDOT:PSSLi layer was used for determination of paracetamol by means of DPV. The GC electrode modified with a composite material PEDOT:PSSLi:MWCNT was developed for determination of paracetamol by means of adsorptive stripping DPV. In addition, the possibility of determination of ACOP in the presence of interfering agents such as neurotransmitters, ascorbic acid and uric acid were investigated at the proposed sensors. To the best our knowledge, an ACOP determination applying GCE/PEDOT:PSSLi or GCE/ PEDOT:PSSLi:MWCNT sensor has not been reported in literature so far. Also, as a real sample analysis, it is demonstrated how this sensor can be applied to the determination of ACOP in the pharmaceutical formulation.
(PSSLi-30 wt% solution in water), and uric acid sodium salt were obtained from Sigma-Aldrich and were stored at room temperature.
Also 3,4-ethylenedioxythiophene (EDOT), (-)epinephrine (+)-bitartrate salt and dopamine hydrochloride (Sigma-Aldrich) were stored at 4 C. Ascorbic L(+) acid, citrate acid, sulfuric acid and hydrogen peroxide were supplied by POCH Gliwice.
Multi-walled carbon nanotubes were purified before the experiment. First 1 g of MWCNT was treated in boiling concentrated nitric acid (50 mL) under a reflux condenser for 24 h. The solid product was washed several times with doubledistilled water and then centrifuged (5000 rpm, 15 min) until the suspension became neutral (pH ~7). An aqueous suspension of the nanotubes was obtained as a result. Other reagents were analytically pure and used without further purification. All the solutions were prepared with distilled water purified with a Millipore (Milli-Q) system.
Apparatus
The measuring equipment consisted of a PAR 273A potentiostat (EG&G Princeton Applied Research Company) and computer with CorrWare 2.9, CorrView 2.9 software (Scribner Associates, Inc.). A conventional three-electrode electrochemical cell with a bare or modified glassy carbon electrode (GCE) (3 mm diameter) was used as the working electrode, a saturated calomel electrode (SCE) was the reference electrode and a platinum electrode served as the counter electrode. In the studies, differential pulse voltammetry (DPV) was used in potential range from 0 to 1 V, step potential 2 mV, step time of 0.35 s and amplitude 50 mV. The measurements of adsorptive stripping differential pulse voltammetry (AdSDPV) were carried out in potential range from 0 to 1 V, deposition time in solution 7 min, step potential 2 mV, step time of 0.4 s and an amplitude of 50 mV. The concentration process was conducted in OCP potential.
AFM measurements were performed using a Dimension Icon, Bruker Veeco Multi Mode Nanoscope IIIa (Digital Instruments, Santa Barbara, CA) equipped with a low current converter.
The topography of bare GCE and GCE modified with MWCNT was evaluated with an atomic force microscope (Dimension Icon, Bruker, Santa Barbara, CA, USA). The atomic force microscopy (AFM) measurements were performed in tapping mode using a TESPAV2 scanning probe (Bruker) with a nominal spring constant of 42N × m -1 and a resonance frequency of 320 kHz. All the measurements were performed at room temperature.
Electrodes modification
The glassy carbon electrode was carefully polished with an aqueous slurry of alumina in water slurry (0.5 μm) on a microcloth pad and then thoroughly washed with doubledistilled water. a) GCE/PEDOT:PSSLi sensor was obtained by means of potentiostatic electrolysis at potential E = 1 V and time t = 5 s. The polymerization solution contained 0.01 mol L -1 EDOT and 0.1 mol L -1 PSSLi. This procedure was described in a previous publication. 
Paracetamol sample preparation
Five tablets of APAP ® were taken and finely powdered in a porcelain mortar. An adequate amount of the powder was weighed and transferred into a 100-mL flask, containing 30-mL phosphate-citrate buffer pH 3.0. The flask was thoroughly shaken until the sample dissolved and completed with buffer. Finally, the solution was filtrated through a filter paper. To do this 0.1 mL filtrate solution was transferred into a 10-mL flask and completed with phosphate-citrate buffer pH 3.0.
Results and Discussion
Electrodes modified by PEDOT:PSSLi layers were described in our previous publication. 23 PEDOT:PSSLi create together a composite in which PEDOT acts as conductive phase and mediator in redox processes, whereas PSSLi as polymer containing anion groups dopes the oxidized form of conductive polymer (PEDOT's) and simultaneously improves mechanical properties of the whole composite. The electrode modified by the layer of the described material (composite) may be applied as a working electrode in electroanalytical measurements. In the described experiments the GCE/PEDOT:PSSLi sensor enabled the determination of paracetamol by means of DPV method. On the other hand, the application of the GCE/ PEDOT:PSSLi sensor for the determination of paracetamol by means of adsorptive stripping differential pulse voltammetry method gave a negative result. The oxidation peak of paracetamol was invisible. In order to make the ACOP adsorption possible, carbon nanotubes were applied and the PEDOT:PSSLi:MWCNT composite was created. As a result, a modified electrode was obtained on which it is possible to carry out the measurements by means of AdSDPV method. Carbon nanotubes are one of the kinds of carbon materials which enable the adsorption of different organic compounds, including paracetamol. The ACOP adsorption on carbon materials such as active carbon, nanotubes or pyrolithic graphite has been described in the literature. [24] [25] [26] [27] The ACOP adsorption on these materials much depends on the way of preparation and activating their surface. The nanotubes used in our experiments were purified in nitric acid. This way of preparing nanotubes forms on their surface many function groups containing oxygen, including carbonyl groups. Repelling between the carbonyl groups of the surface and ACOP is responsible for the decrease of paracetamol stability after the adsorption on carbon. Recent studies showed that the latter effect causes the decrease in paracetamol adsorption at neutral pH. 28 Electrode surface characterization Figure 1 shows AFM images of the surface of a GC electrode, a GC electrode modified by a composite of PEDOT:PSSLi and a GC electrode modified by a composite of PEDOT:PSSLi:MWCNT.
Figures 1A and 1B show a clean surface of the GC electrode and the GC electrode coated with a composite layer of PEDOT:PSSLi. The difference in the topography of the surfaces resulting from higher grain of the composite PEDOT:PSSLi is clearly noticeable. It is also confirmed by the results of measurements of the roughness of these coatings. The surface roughness, calculated as Rq (where root mean square equals the average of the height deviations) from the recorded AFM high images, for the unmodified GC and the modified electrodes was 2.85 and 6.77 nm, respectively.
The nanotubes are clearly visible on the surface of the GC electrode modified by a layer of PEDOT:PSSLi:MWCNT. The polymer with the nanotubes formed together the layer of the composite material. The surface roughness Rq from the recorded AFM high image for the GC electrode modified by a layer of PEDOT:PSSLi:MWCNT was 17.9 nm. Figure 1C shows that the PEDOT:PSSLi:MWCNT coating created a uniform, dense and compact layer on the surface of the GCE. From this point of view, it can be seen that the carbon nanotubes constitute a large part of the surface of the electrode. The phase images of both the GCE and the GCE modified with MWCNT indicate that the surfaces are homogeneous in composition and do not contain contaminants.
DPV preliminary experiments
A differential pulse voltammetry (DPV) experiment for ACOP was performed in phosphate-citrate pH 5.0 buffer in order to compare the electrocatalytic activity of the GCE/PEDOT:PSSLi with the bare GCE. Figure 2 depicts the differential pulse voltammograms of ACOP at the bare GCE and the GCE/ PEDOT:PSSLi. The peak current recorded with the modified electrode was higher than the one recorded with the bare electrode.
The increase of peak current in the case of the GCE/ PEDOT:PSSLi sensor results from two causes. Firstly, the cause of the increase of current are catalytic properties of the PEDOT:PSSLi layer. Secondly, the GCE/PEDOT:PSSLi sensor has a larger surface than the unmodified GC electrode. The increase of peak current connected with the change of the surface is best defined by the roughness factor of the electrode, which for the GCE/PEDOT:PSSLi equals 1.1. Whereas peak current for the GCE/PEDOT:PSSLi increases 1.38 times. Thus, the increase of peak current in the case of the electrode modified with the PEDOT/PSSLi layer results both from the increase of the surface and from the catalytic properties of the layer.
Effect of pH variation
The effect of pH on the electrochemical oxidation of ACOP was investigated using the DPV in the pH range of 3 -7. Figure 3 illustrates the peak current response of paracetamol in phosphate-citrate buffer with pH 3.0, 5.0, and 7.0. The highest current was obtained for pH 5. The DPV measurements were conducted in the ACOP solutions in the concentration range of 0.1 to 500 μmol L -1 at each pH. It was noted that the linear relationship between the peak current and concentration had R 2 of more than 0.990 only in the case of the solution at pH 3.0. In the buffer solutions at pH 5.0 and 7.0, the current was not stabilized, and it was impossible to obtain linear dependence of the peak current of concentration. The values of R 2 obtained for these solutions were lower than 0.900. Therefore, the phosphatecitrate buffer of pH 3.0 was chosen for the further experiments.
According to the mechanism of oxidation of ACOP, the process proceeds with the presence of hydrogen ions. 29 At low pH values, the reaction takes places at higher potentials. The large number of hydrogen ions causes consequent chemical reactions to proceed very quickly. As a result, peak current is high. At higher pH values (pH >6), consequent chemical reactions proceed more slowly and the intermediate exists in the stable unprotonated form. The appearance of an additional stable form disturbs the course of the whole process, oxidation currents decrease and they are less repeatable.
Analytical characteristic of ACOP at GCE/PEDOT:PSSLi
The measurements were carried out by means of DPV on a GC electrode modified by PEDOT/PSSLi layers. Paracetamol assay was performed in the concentration range of 0.1 to 500 μmol L -1 , in a phosphate-citrate buffer solution at pH 3.0. Figure 4 shows the differential pulse voltammograms of ACOP at the modified electrode. The oxidative peak current increases with the concentration of ACOP in the ranges of 0.1 -400 μmol L -1 , with a linear regression equation of y(μA) = 0.063x(μmol L -1 ) + 0.068 (R 2 = 0.998). The relative standard deviation was not higher than 6.23%, the limit of detection (LOD) was 0.05 μmol L -1 and the limit of quantitation (LOQ) was 0.14 μmol L -1 . Each concentration from the calibration curve was measured fivefold (n = 5), and the results, with the confidence interval for probability (p) of 95%, were analyzed by linear least-square regression.
The effect of deposition time on ACOP signal at GCE/ PEDOT:PSSLi:MWCNT
The developed composite material PEDOT:PSSLi:MWCNT was used to determine the ACOP by means of adsorptive stripping DPV. The effect of deposition time on 500 μmol L -1 ACOP was studied in the phosphate-citrate buffer at pH 3.0 in the open circuit. The GCE/PEDOT:PSSLi:MWCNT sensor was immersed into the solution for a period of 1 to 10 min, and then the DP voltammograms were recorded. The results are shown in Fig. 5 .
On the basis of the above-mentioned data, the period of 7 min was selected as the optimal deposition time. A shorter time resulted in incomplete adsorption of the analyte at the electrode surface, whereas a longer time had no effect on the amount of the adsorbed substances.
Calibration curve for paracetamol determination using GC electrode modified with PEDOT:PSSLi:MWCNT
The measurements were carried out by means of AdsDPV on a GC electrode modified by PEDOT/PSSLi:MWCNT layers. The ACOP determination was studied in the concentration range of 1 -500 μmol L -1 in a phosphate-citrate buffer solution at pH 3.0. Figure 6 shows the DP curves of ACOP at the modified electrode.
A good linear relationship can be obtained in the ranges of 1 -500 μmol L -1 with a linear regression equation of y(μA) = 0.0066x(μmol L -1 ) + 0.08 (R 2 = 0.995). The relative standard deviation was not higher than 6.27%, and the limit of detection was 0.08 μmol L -1 and the limit of quantitation (LOQ) was 0.15 μmol L -1 . Each concentration was measured in quadruplicate (n = 4), and the results, with the confidence interval for probability (p) of 95%, were analyzed by linear least-square regression. 
Determination of paracetamol in pharmaceutical product
The method of standard addition was employed to determination of paracetamol in the APAP ® samples. Solutions obtained by dissolution of APAP ® tablets were subsequently diluted so that the ACOP concentration lay in the range of the calibration plot. DP voltammograms were then recorded under identical conditions as the ones which were employed while recording the DP voltammograms for tracing the calibration plot. The measurements were carried out by means of DPV on the GCE/PEDOT:PSSLi sensor and by means of AdsDPV on the GCE/PEDOT/PSSLi:MWCNT sensor.
The results for determination of paracetamol on GCE/ PEDOT:PSSLi were as follows. The linear regression equation was expressed as y(μA) = 0.0061x(μmol L Each concentration from the calibration curve was measured in fivefold (n = 5), and the results, with the confidence interval for probability (p) of 95%, were analyzed by linear least-square regression. The results of the AdsDPV measurements on the GCE/PEDOT/PSSLi:MWCNT sensor are presented in Fig. 7 .
The linear regression equation was expressed as y(μA) = 0.0019x(μmol L -1 ) + 0.223 (R 2 = 0.999). The relative standard deviation was 13.8% and the estimated concentration in the sample was 117 μmol L -1 . Each concentration from the calibration curve was measured fivefold (n = 5), and the results, with the confidence interval for probability (p) of 95%, were analyzed by linear least-square regression.
The influence of interfering agents
It is very important to be able to determine an analyte in the presence of compounds that are typical for the environment in which the determination takes place. The influence of organic biological molecules, such as ascorbic acid, uric acid, dopamine and epinephrine, was studied for the ACOP determination. The presence of ascorbic acid, dopamine and epinephrine in the concentration ratios (cInterferent:cACOP) of 1:100, 1:10, 1:1 and 10:1 did not significantly change the current response of 100 μmol L -1 ACOP, as the recorded signals appeared at a different potential than the ACOP potential. The presence of ascorbic acid and neurotransmitters in the examined range of concentrations may cause a change in the analytical signal of ACOP to 10%. In such case, it is impossible to explicitly determine the usefulness of this method of determination. The determination of paracetamol in the presence of interferents, in practice, will refer to samples with a compound matrix e.g. pharmaceutical products or physiological liquids. In this case, the tests done for the given product will decide about the usefulness of the method of determination. The results of the described experiments show that the possibility of the determination of paracetamol in matrixes containing the described interfering substances can be taken into account after conducting proper tests.
The situation of the determination of paracetamol in the presence of uric acid is completely different. Such determination is impossible because the oxidation peak of uric acid was recorded at the same peak potential as the ACOP peak potential, so its lowest studied concentration suppressed the ACOP signal. Figure 8 shows the DP curves of paracetamol in the presence of different concentrations of ascorbic acid at the GCE/ PEDOT:PSSLi sensor. Table 1 presents the voltammetric determination of ACOP in this study compared with other voltammetric methods. It is noticeable that the GCE/PEDOT:PSSLi sensor provides a sensible analytical performance and a lower detection limit than a Nafion/TiO2-Gr modified GC electrode, 8 a polyanaline-MWCNT modified GC electrode, 31 a nanogold modified ITO electrode 32 and a chemically modified electrode. 36 Additionally, the developed sensor has a wide range of linearity. What is more, the preparation of this sensor is relatively simple compared to the more complicated modifications shown in Table 2 . 
Comparison with other methods

Conclusions
This paper analyzed the possibility of applying two different modified electrodes based on the conducting polymer as paracetamol sensors. The GC electrode modified by a layer of PEDOT:PSSLi was used for the determination by means of DPV, whereas the electrode modified by a layer of PEDOT:PSSLi:MWCNT, was used for the determination by means of AdsDPV. Both developed sensors have a wide range of linearity. Moreover, the values of LOD and LOQ obtained for them are comparable with the majority of voltammetric methods quoted in earlier literature. Thus, the examined sensors can be considered to be universal.
It was established that the modification improved the precision of determination. The RSD was lower than 6.23 and 6.27% for GCE/PEDOT:PSSLi and GCE/PEDOT:PSSLi:MWCNT, respectively.
The described electrodes are simple in their formation and highly stable. It was also demonstrated that the electrodes based on a composite material such as PEDOT:PSSLi can be easily modified by introducing different additives, for example, nanotubes. Due to the addition of nanotubes to the conductive layer, the electrode could be used for adsorptive stripping differential pulse voltammetry. 
